The streak disease has a major effect on maize in sub-Saharan Africa. Various genetic factors for resistance to the virus have been identified and mapped in several populations; these factors derive from different sources of resistance. We have focused on the Réunion island source and have recently identified several factors in the D211 line. A second very resistant line, CI-RAD390, was crossed to the same susceptible parent, B73. The linkage map comprised 124 RFLP markers, of which 79 were common with the D211×B73 map. A row-column design was used to evaluate the resistance to maize streak virus (MSV) of 191 F 2:3 families under artificial infestation at two locations: Harare (Zimbabwe) and in Réunion island. Weekly ratings of resistance were taken and disease incidence and severity calculated. QTL analyses were conducted for each scoring date and for the integration over time of the disease scores, of incidence, and of severity. Heritability estimates (71-98%) were as high as for the D211×B73 population. Eight QTLs were detected on chromosomes 1, 2, 3, 5 (two QTLs), 6, 8, and 10. The chr1-QTL explained the highest proportion of phenotypic variation, about 45%. The QTLs on chromosomes 1, 2, and 10 were located in the same chromosomal bin as QTLs for MSV resistance in the D211×B73 population. In a simultaneous fit, QTLs explained together 43-67% of the phenotypic variation.
Introduction
Streak disease is caused by the maize streak virus (MSV), a geminivirus transmitted only by leafhoppers of the genus Cicadulina. It is widespread in Africa south of the Sahara and in the Mascarene islands of the Indian Ocean. It has provoked very serious damage on maize crops, including total yield loss. Several studies aimed at understanding the genetic basis of resistance to MSV have been undertaken using either quantitative genetics or molecular mapping.
The detection and localization of resistance factors to MSV were conducted in two different populations, for which the source of resistance was either of Nigerian origin (Kyetere et al. 1999) or unknown for the CIMMYT inbred line CML202 (Welz et al. 1998) . In both cases, one major quantitative trait locus (QTL) was found on chromosome 1. In CML202, some minor QTLs were also detected Communicated by G. Wenzel on chromosomes 2, 3, and 4 for the earliest disease scoring date. One population whose resistance came from the composite CVR3-C3 obtained by intermating 41 Mascarene populations and a South African line in Réunion island (Marchand et al. 1994 ) was also mapped. Some families of this D211 × B73 population were tested against clones of different pathogenicity (Pernet et al. 1999) . A major QTL on chromosome 1 was identified. Other QTLs were detected on chromosomes 2, 3, and 10. There were genotype × virus clone interactions, especially for disease incidence.
In order to increase the scope of our survey of resistance factors present in the initial Réunion composite, we conducted a genetic mapping experiment using a cross that involved another completely resistant line from Réunion, CIRAD390, and the same susceptible parent. The objectives were (1) to identify genomic regions responsible for resistance to MSV and estimate their genetic effects with the composite interval mapping method; (2) to determine if some genetic factors were specifically involved in one or the other of the two resistance components studied (severity and incidence), and/or preferably in the expression of resistance at earlier or later stages; (3) to elucidate whether different genetic factors conferring resistance to MSV exist in the CIRAD germplasm and compare these with QTLs mapped in previous studies.
Materials and methods

Plant material and experimental design
The F 2 population developed for this study originated from a cross between CIRAD390, the MSV resistant parent, and B73, the susceptible one. CIRAD390 (S 3 generation) was selected in Réunion island for complete resistance to MSV (Clerget et al. 1996) . The local donor of resistance, CVR3-C3, was crossed to population Tocumen 7931 and then backcrosssed twice to the population Suwan 8331. The CIRAD390 line was then extracted at the S 1 generation. B73 is an American inbred from the Stiff-Stalk group. The material was produced as for the D211×B73 population (hereafter called DB) described in the companion paper (Pernet et al. 1999 ). The population CIRAD390×B73 (hereafter called CB) comprised 200 F 2 individuals derived from one F 1 plant. From their F 2 individuals, 191 F 2:3 families yielded sufficient seed quantities for the replicated trials.
Trials were conducted in two different locations: Harare (CIMMYT station, Zimbabwe), and Saint Pierre (CIRAD station, Réunion). In addition to the parental lines, different checks were used, depending on the location: Kilima S4-8, Kilima S4-12 as resistant checks and CG4141 as a susceptible check in Harare; the hybrid Sabrina from Pioneer France Maı .. s as susceptible in Réunion. The 191 F 2:3 families, both parents, and six susceptible and five resistant checks fitted in a 17×12 row-column design with two replications (John and Eccleston 1986 ) planted on Nov. 28, 1995 and Feb. 15, 1996 , in Harare and in Réunion, respectively. Plots were oversown, by hand, with two seeds per hill. Plants were randomly thinned to 7 plants per square meter before infestation in Réunion and after infestation in Harare.
Resistance evaluation
Disease assesment
Artificial infestation was done along the plant lines (rows of the design) using standard methods developed at IITA (Leuschner et al. 1980 ) with the viruliferous insect vector C. mbila. Inoculations were made at the three-to four-leaf stage in Harare (Dec. 14, 1995) , and two-to three-leaf stage in Réunion (Fev. 28, 1996) . Isolates were those usually used for selection in the stations where the trials were conducted. Genetic heterogeneity of these isolates is highly probable (Isnard et al. 1997) .
Symptoms were evaluated on the last fully expanded leaf of each plant on a 1 (resistant, no symptoms at all) to 9 (susceptible, leaf fully chlorosed, plant almost dead) scale once per week until 42 days after infestation (dai). This scale is correlated to the proportion of chlorotic area of the leaf, to the virus concentration in the leaf, and to the chlorophyll concentration (Rodier 1995) .
Variable description
The resistance to MSV and to two of its components were studied as for the DB population (Pernet et al. 1999) . In addition to the disease score given to each individual plant at the u th dai, designated MSV u , the number of plants free of symptoms was recorded per plot. The variable PIS u is then the proportion of symptom-free plants per plot and represents the disease incidence. The severity of the disease, NMS u , was calculated as the mean disease score of all plants showing symptoms in each plot, at the u th dai. When no plant presented symptoms in a plot, NMS u was given the value 0. This variable NMS u was renamed NMX u when these families showing complete resistance were excluded from the analyses of the disease severity. In order to integrate the value of these variables over time, we calculated the area under the disease progress curve (AUDPC): this was called AUT for the score, APIT for incidence, and ANMT and ANMX for severity, with or without the families showing complete resistance, respectively, according to the general formula given by Ceballos et al. (1991) . The sixth scoring was taken at 51 dai for the trial in Réunion. The total length of time was thus 51 dai for that trial and 42 dai for the trial in Harare.
Restriction fragment length polymorphism (RFLP) genotyping
Protocols for RFLPs were the same as in the DB population. The same set of probes was used for the parental screening (Pernet et al. 1999) . The best probes were hybridized onto the whole population. These were chosen in order to provide a uniform coverage of the genome and at the same time make links with the DB population. Genetic data were captured and verified by two different readers using HyperMapData software (Hoisington et al. 1993 ).
Data analyses
Map construction
Possible distortion segregation with respect to the expected Mendelian proportions, was determined at each marker locus. The genetic map, based on the 200 individuals, was constructed using the software MAPMAKER 2.0 (Lander et al. 1987) following the same procedure as in Pernet et al. (1999) .
Field data
Analyses of variance were conducted on a plot-mean basis or on an individual basis, depending on the variable, within each environment using the SAS Mixed procedure (SAS 1997) . All factors were assumed to be random variables. Normality of the distribution of the residual errors was examined using the SAS Univariate procedure (SAS 1997) . BLUPs (best linear unbiased predictors, Henderson 1975) were obtained by adding the general mean of the trial to the solution of the random "Genotype" effect. Broad-sense heritabilities at the experimental design level were calculated overall for both environments, with location effect considered as fixed, and genotype × environment interactions as random. For more details, see Pernet et al. (1999) .
QTL analyses
Methodology of detection
QTL analyses were conducted following the same methodology as for the analyses with the DB population (Pernet et al. 1999) . The multiple trait analysis method described by Jiang and Zeng (1995) , based on the composite interval mapping method (Zeng 1994) , allowed the estimations of genetic effects, such as additivity, dominance, pleiotropy, and QTL × environment interactions. These QTL analyses were performed on the families for which both phenotypic and genotypic data were collected. When the variable ANMX was studied, 181 families remained. As defined by Zeng (1994) , BLUPs of each trait were analyzed using three sub-models successively: without any cofactor (model III), with unlinked markers as cofactors (model II), and with unlinked and linked markers to the region being tested as cofactors (model I, window size of 20 cM). For more details on the choice of cofactors, see the companion paper (Pernet et al. 1999) . Cofactor sets were combined when several traits were analyzed at the same time.
Determination of the threshold
A QTL was declared significant when the LOD (decimal logarithm of the likelihood odds ratio) was above 3.0, either with model I or model II, a peak being also identified with model I. A QTL was declared putative when the LOD value was between 2.0 and 3.0 with model I and not above 3.0 with model II. This lower threshold allowed the consistency over the two environments for some QTLs to be reflected and the putative QTLs of the CB population to be compared with those of the DB population studied previously. When conducting joint analysis of two traits at the same time, the LR (log likelihood ratio) threshold had to be above 17.8 with model I for declaring a "joint" QTL significant (Zeng 1994; Jiang and Zeng 1995) . In chromosomal regions where a QTL was detected by joint analysis, QTL × environment interactions were tested and declared significant for an LR value above 5.99 (Jiang and Zeng 1995) . Estimate of the QTL position was given by the LOD-curve peak in model I. Additive and dominance effects (a and d, respectively) for each QTL were estimated by regression under model I. The dominance ratio (DR=|2d/a|) characterized the type of gene action: additive for DR<0.2, partially dominant for 0.2=DR<0.8, dominant for 0.8=DR<1.2, and overdominant for DR=1.2 (Stuber et al. 1987) . d had to be multiplied by 2, as it was estimated from F 3 families. All results are given using the value of the LR, which is the standard output of the program. LR values of 13.8, 11.5, 9.2 correspond to LODs of 3.0, 2.5, 2.0, respectively.
A QTL identified in the CB population was considered to be identical to one identified in the DB population if both were located in the same chromosomal bin of the UMC 1995 linkage map (Coe et al. 1995) and if flanking markers presented the same RFLP allele.
Proportion of the variation explained
Estimation of the genotypic variance among F 3 lines contributed by the i th QTL was calculated as: â 2 i /2+d 2 i /4 (Falconer 1989 ) where â i and d i are the additivity and dominance estimates, respectively, for that QTL. The proportion of the phenotypic variation explained by the i th QTL was then:
withσ 2 p equal to the total variation among the BLUPs of the trait. The total percentage of the phenotypic variation explained by all the QTL identified for one trait (R 2 ) was calculated by multiple regression. Total additive and dominance effects were estimated by summing all individual effects at the identified QTLs.
Results
RFLP linkage map
Of the RFLP probes used on the parental lines 86% detected polymorphism between the parents, a percentage similar to that obtained for the DB population. Mostly codominant markers, well spread over the genome and segregating in the two populations, were selected for genotyping the F 2 individuals. Some loci which formed a cluster with other markers were discarded. When the sequentially rejective Bonferroni procedure (Holm 1979) was used, none of these markers showed significant segregation distortion.
The final map comprised 124 markers (103 codominant and 21 dominant) on ten linkage groups spanning 1379 cM (Fig. 1) . The umc53a distal marker was attributed to chromosome 2, as in the 1995 UMC reference map (Coe et al. 1995) , although it was linked only at LOD 2.5 to the closest marker of this chromosome. The order of the markers was in good agreement with the reference map. The average distance between 2 markers was 12.1 cM, which is similar to that obtained for the DB population, and the standard deviation was 7.9 cM. Seventy-nine probes were common to the two populations. The good coverage of the genome by the maps allowed an extensive search for the QTLs and a precise comparison between the two populations.
Field trait analyses
The success of the artificial inoculations was assessed on the susceptible checks (Fig. 2) . B73 was almost completely dead in all trials, at the latest by 35 dai. The resistant parent CIRAD390 exhibited some chlorotic spots on some individuals (score 2) between 14 and 28 dai, whereas the resistant parent D211 did not shown any symptoms. However, these spots were not observed in the latest scorings.
General statistical descriptors were close to those obtained for the DB population. Normality of the residual distributions was met for the variables PIS14 and PIS21 in both locations and for NMS21, APIT and ANMT in Harare. However, the distribution was symmetrical for the other variables, except MSV07 in Harare. Genetic variability was high for all traits at both locations (Table 1) . Heritabilities ranged from 71% (MSV07) to 98% (MSV28, MSV35, MSV42), increasing with time after infestation. The genotype × environment (G×E) interaction variance component (σ 2 G×E ) was not significant for the latest disease scores (MSV28, MSV35, MSV42, and AUT) in contrast to what had been observed for the DB population. σ 2 G×E was significant for a few severity variables (it was significant for all of the severity variables but NMS07 for the DB population) and for some incidence variables (which was not the case for the DB population). G×E interactions related to disease incidence for the CB population were probably due to a difference between the locations in the infestation process. Namely, for the CB trial in Réunion, variance between the lines of infestation (i.e. represented by the rows of the design) was significant for scoring variables (MSV07, MSV14, MSV21) and some incidence variables (PIS07, PIS14, and APIT) but not for the severity variables (NMS u and ANMT), whereas neither the variance between rows nor the variance between columns were significant for any variable in the CB trial in Harare (results not shown). The vari- The width of the triangle basis is proportional to the percentage of the phenotypic variation (R 2 ) explained by that QTL. If the QTL was detected for specific variables, the corresponding variable names (described in Materials and methods) followed by the location designation are indicated in boxes beside the triangles. The R 2 mean for these variables is represented. The Harare (Zimbabwe) location is designated by an H; the Réunion island location is designated by an R. No location designation indicates that the QTL was detected with a LOD above 3 at least in one environment, and with a LOD at least above 2 in the second environment. An underlined variable name indicates that the allele increasing MSV resistance may have been contributed by the susceptible parent. A white box indicates a significant QTL detected with a LOD above 3. In order to know if the QTL was detected putatively for other variables, refer to the text. A light-grey color indicates a putative QTL detected with a LOD between 2 and 3. No box indicates a significant QTL detected for all variables at both locations. In this case, the QTL was represented for the AUT variable, with the R 2 averaged across the two environments. Two QTLs linked by a hollow arrow are considered to be in the same region of the genome v Fig. 2 Time-course of the disease symptoms on the susceptible checks (CGR4141 in Harare, Sabrina in Réunion), on the resistant checks (Kilima S4-12 and Kilima S4-8 in Harare, CIRAD390, in Réunion), on the susceptible parent B73, on the resistant parent CIRAD390 and on the F 2:3 families in Harare (H) and Réunion (R) ance between the rows of the CB trial in Réunion may be due to the fact that infestation was done during a windy period for some rows; this could have hampered the infestation of some plants (disease incidence) by the insects. However, natural secondary infestations occurred later since differences between lines disappeared after more than 14 dai.
The distribution of F 2:3 families for the various variables analyzed indicates that resistance to MSV is quantitatively inherited in CIRAD390 (Fig. 3) . No transgression could be detected for the F 3 families. The percentage of very resistant plants (Fig. 3 ) was higher than for the DB population. Consequently, at both locations, disease incidence was lower for the CB population, whereas disease severity (ANMT) appeared not to be different between the two populations within the same environment. CB and DB populations may thus display different genetic determinants.
QTLs in the CIRAD390×B73 population Eight significant QTLs, with an LR value above 13.8 (LOD=3.0) were identified for this population, in bins 1.05, 2.04, 3.09, 5.02, 5.03, 6.01, 8.07, and 10.06. Nine regions distributed over six chromosomes were detected with an LR value equivalent to LOD 2-3 (putative QTLs). They were located in bins 1.10, 3.02 (one or two QTLs), 3.06, 4.02, 4.05, 7.01, 9.05, 9.06 and on the long arm of chromosome 5 (chr5L) (Fig. 1) . One more region was detected only by joint analysis of both environments, on chromosome 4, around 78 cM (bin 4.06) for MSV21 and MSV42 (data not shown).
The localization of the significant QTLs on chr1 and chr10 was consistent across environments and dates. Other significant QTLs were also consistent over the two environments. The QTL in bin 2.04 (65 cM) was significant for the variables MSV42 and AUT in Réunion and putative for these variables in Harare. In Réunion, this QTL was putative for MSV21, MSV28, and MSV35 and for APIT. Still on chromosome 2, a putative QTL was detected for MSV07 in Harare at 47 cM. It may, or may not, be the same QTL, considering that the precision in the localization of small QTLs is very low. The QTL in bin 3.09 was detected for MSV14, MSV21, and APIT at a significant level in Réunion and at a putative level in Harare. It was significant in both environments for the later scoring dates. The QTL in bin 5.02 was detected in both environments for ANMX, and it was putative for MSV28 in Réunion, for MSV35 at both locations, and for MSV42 in Harare. The QTL in bin 6.01 was significant for MSV07 in Harare but putative in Réunion. For MSV14 and MSV21, it was significant in Réunion but putative in Harare. Even in those cases, the LR was still above 10.2, up to 18.9. For the other scoring dates, it was significant in both environments. The QTL in bin 5.03 was detected with certainty only in Harare, but there was a non-significant LR peak for the same variables in Réunion. Similarly, the QTL in bin 8.07 was detected at a significant level for ANMX in Réunion, but a non-significant LR peak existed for that variable in Harare.
Most of the significant QTLs were thus detected with more certainty at the later scoring dates. Only the QTL in bin 5.03 was detected at 14 dai, and it may be involved in the early resistance. However, this needs to be confirmed as it was very small in terms of the proportion of the phenotypic variation it accounted for.
The putative QTLs were generally detected only in one environment: Harare (QTL in bins 1.10, 7.01, 9.06), or Réunion (QTL in bin 3.06, 4.02, 4.05, 9.05). The putative QTL on the long arm of chromosome 5 was detected for MSV07 and MSV42 in Réunion but at both locations for ANMX. Likewise, the putative QTL in bin 3.02 was detected for MSV07 in Harare at 26 cM. Another or most probably the same QTL was detected around 42 cM for MSV28 in Réunion and for MSV42, AUT, and APIT in Harare. We should keep in mind that the heritability at 7 dai was lower than later on; the confidence interval of the position of this minor QTL may then be quite large. However, this proves that for QTLs detected with low certainty, it is difficult to conclude if they are indeed specific for one environment or not, or specific for early or late expression of the resistance. Only the putative QTL in bin 1.10, detected for MSV07 may be preferentially involved in the early resistance as it was also detected only at this date in the DB population, which was not the case for the QTL of bin 9.06 detected for MSV07.
The significant QTLs on chromosomes 3, 5, 6, and 8 appeared to be specific for one or the other resistance component; the ones on chromosomes 5 and 8 were re- G×E variances were significant at 1‰ for AUT, at 1% for APIT, at 5% for ANMT; σ 2 plot were significant at 1% for AUT in Harare, at 1 ‰ for AUT in Réunion and for combined analysis of both environments a P1, P2, Parent 1 and 2, respectively; SC, RC susceptible and resistant checks, respectively; CIR: CIRAD; Kili: Kilima b H, Harare, R, Réunion island c ±Standard errors d * Significant at the 0.05 probability level; NS, non-signifiant
WF ; Estimates of the variances between families, of families×environment interactions, between plots, and within family, respectively fĥ2 SL , Broad-sense heritability at the experimental design level lated to disease severity; the ones in bins 3.09 and 6.01 were related to the incidence. Note, however that in bin 3.09 a putative QTL was detected for ANMX. Some of the putative QTLs may be more related to disease severity (QTLs in bins 3.06, 7.01, 9.05, and chr5L), others to disease incidence (QTLs in bins 3.02, 4.02, and 4.05).
The percentage of the phenotypic variation (R 2 ) each QTL accounted for ranged from 4% to 52%, depending on the QTLs and the trait under consideration ( Table 2) . The major QTL in bin 1.05 explained between 16% of the phenotypic variation (MSV07 in Harare) and 52% (MSV42 in Réunion), with a mean about 45%.This QTL seemed to explain more of the phenotypic variation in Réunion than in Harare. The QTLs in bins 6.01 and 10.06 also explained quite a large proportion of the phenotypic variation: it ranged for each one from about 15% to 31%. Other significant QTLs (in bins 2.04, 3.09, 5.02, 5.03, 8.07) explained around 10% or less of the phenotypic variation. The extremes were the QTL in bin 5.02, which explained up to 15% of the phenotypic variation for ANMX in Harare, while the QTL in bin 5.03 explained only 4% for MSV14 in Harare. Most of the putative QTLs also explained around 10% of the phenotypic variation (in bins 1.10, 3.02, 3.06, 4.02, 4.05) or less (around 4% for the QTLs in bins 9.05, 9.06), except for the QTL on chr5L for MSV07 (R 2 of 35%) and the QTL in bin 7.01 for ANMX (R 2 of 20%). Generally, the proportion of the phenotypic variation explained by each QTL was somewhat more pronounced in Réunion than in Harare. The type of gene action often involved some degree of dominance, generally in favor of the resistance (Table  2) . When not, we speak of recessiveness. The QTL in bin 1.05 showed mainly a partially dominant action, except for the severity (partial recessivity). The QTL in bin 2.04 also showed a partially recessive action for MSV42 and AUT, and the QTL in bin 8.07 an overrecessive one for ANMX. The action of the QTLs in bins 3.09 and 6.01 were overdominant, whereas the action of the QTL in bin 5.02 ranged from partially dominant (in Harare) to overdominant (Réunion) for ANMX. The QTL in bin 10.05 was partially dominant or dominant. Putative QTLs showed an overdominant action, except the QTLs in bins 9.05 and 9.06 (additive action type). The QTL on chr5L had an overdominant action for MSV07 and MSV42, a dominant one for ANMX in Réunion, and an additive one for ANMX in Harare.
Origin of the resistance
The alleles brought by the parent CIRAD390 for the QTLs on chr1, chr2, two on chr5, chr8, chr9, and chr10 contributed to the resistance. For the QTL on chr6 with a small additive effect and, thus, an uncertainty on the sign of a, the allele contributing to the resistance likely originated from CIRAD390 as this QTL was not detected in the DB population. For the significant QTL on chr3, the allele incrementing the resistance was contributed by the susceptible parent. Kim et al. (1989) also noticed that the progeny of the resistant line IB32 crossed to B73 was, on average, more resistant than the progeny of the same resistant line crossed to another susceptible line, Mo17. For the putative QTLs, the alleles increasing the resistance were from the resistant parent (QTLs in bins 3.02, 4.02, 7.01, and chr5L), from the susceptible parent (QTLs in bins 4.05, 9.05, 9.06) or the origin remained unclear (QTLs in bins 1.10 and 3.06), because of the small value of a.
Stability of the QTLs in different environments
By convention, QTL × environment (QTLxE) interactions can be tested for those QTLs detected at least in one environment and by joint analysis. Consequently, these interactions were not examined for the QTLs not detected by joint analysis in bin 2.04, in bin 3.09 for MSV14 and APIT, in bin 5.03, in bin 6.01 for MSV21, MSV28, MSV35, and APIT, and for none of the putative QTLs. For the other significant QTLs, QTLxE interactions existed until MSV21 as well as for AUT, APIT, and ANMX (Table 2 ). For MSV28, there were no QTL×E interactions. For MSV35 and MSV42, only the region of the major QTL on chromosome 1 exhibited QTL×E interactions. This corresponds to the non-significant G×E interactions observed after 21 dai.
Importance of the QTLs
The amount (R 2 ) of the phenotypic variation explained by all QTLs together for each variable was similar across locations, except for MSV07. At this date, the proportion of the variation explained was higher in Réunion as for the DB population (Table 3 ). For MSV42, it was lower in Réunion than in Harare. As for the DB population, these percentages were similar across dates, except for MSV07, for which it was lower. The same range of the phenotypic variation was explained in both populations, from 43% to 67%. Complementary effects among QTLs probably exist because the sum of the R 2 values obtained for each individual QTL was higher than the global R 2 obtained when fitting all QTLs into the same model for a given variable.
The global gene action type of the disease score variables involved a higher degree of dominance (partially dominant to overdominant) than for the DB population, particularly in Réunion. The resistance components (incidence and severity) showed an additive action type, or a small degree of dominance, except for incidence in Réunion. This exception is probably a consequence of the infestation already described.
Comparison of the CIRAD390×B73 and D211×B73 populations
More QTLs were detected for the CB population than for the DB population. Between the two populations, four significant QTLs were located in the same regions of the genome (Fig. 1) . The QTL in bin 1.05 was linked to the same RFLP marker, asg30. Both resistant parents presented the same RFLP allele. The second flanking marker in the CB population was umc177. This marker was not used for genotyping the DB population, but on the parental screening both parents exhibited the same RFLP allele band. Therefore, it is probable that both parents share the same resistance allele for that QTL. On chromosome 2, the presence of a QTL in the CB population confirmed the existence of at least a minor QTL in the DB population. The fact that they were not linked to the same marker may be due to the segregation distortion present in this region for the DB population. The QTL in bin 3.09 was linked to the same marker, umc96, for which both resistant parents had a different RFLP allele band. For the DB population, this QTL was tightly linked to umc96 (0.2 cM). It was involved in the early resistance and its allele contributing to the resistance originated from the resistant parent. On the contrary, for the CB population, this QTL was linked only at 13.8 cM from umc96, was not preferentially involved in the early resistance and the allele contributing to the resistance originated from the susceptible parent. These observations are in favor of the existence of two distinct loci in this region. At the locus detected in the CB population but not in the DB population, either D211 shared the same resistance allele as B73 or epistasis exists in the DB population and masks the expression of that locus. On chromosome 10, the marker linked to the QTL presented the same RFLP allele band for both resistant parents. The fact that the QTL does not lie exactly in the same bin may be due to the imprecision of the localization. However, note that this QTL did not show the same type of gene action in both populations. Without higher precision, we are not able to say whether it is the same locus or not. Among the putative QTLs, some were also located in the same regions of the genome. The putative QTL in bin 3.02 for the CB population was detected in the same bin as a significant QTL of the DB population. This supports its existence. At the end of chromosome 1, and in chromosomes 8 and 9, putative QTLs were detected in adjacent bins. These coincidences may be considered to be an indication of the existence of these QTLs and may encourage the undertaking of intensive research on these regions.
Discussion
CIRAD390 is one of the very resistant lines to MSV, having been selected from the composite population CVR3-C3 in which different resistance genes may be present. Another completely resistant line, D211, extracted from the same composite population, was also analyzed, as described in a companion paper (Pernet et al. 1999) . Information is available on lines originating from other sources (Kim et al. 1989; Kyetere et al. 1999; Welz et al. 1998) . Our study was directed towards elucidating whether different genetic factors conferring resistance to MSV exist in the CIRAD germplasm, and at discovering whether they are common or related to other sources of resistance.
Control of resistance in the CIRAD germplasm
Resistance to MSV in the CB population was inherited in a quantitative manner, as in the DB population. At least eight QTLs were identified, generally acting in a dominant way. The percentage of the total phenotypic variation they accounted for varied between 43% and 67%, depending on the variable. Complementary effects between QTLs were revealed. The most important QTLs were the major one on chromosome 1 (R 2 about 45% in the CB population, up to 70% in the DB population), the QTL in bin 10.05 (25-30% in both populations), the QTL in bin 3.09 (about 25% in the DB population for the earliest scoring dates), and the QTL in bin 6.01 (about 25% in the CB population for the disease incidence). The QTL on chromosome 1 may consist of several linked genetic factors, if we refer to the profile of the LR curve (Fig. 4) . This was also the case for the DB population. A consensus map cumulating data from both populations could be of some help in separating these possibly linked genes. Otherwise, larger populations should be used and marker density increased, or advanced intercrossed line populations created (Darvasi and Soller 1995) . In the present study, QTLs seemed to be stable across dates, even though some were detected with more certainty in the later resistance, when the genotypic variability between the families increased. Causes of changes in the gene action type have already been discussed elsewhere (Pernet et al. 1999 ). The conclusion remains valid here, namely that minor modifier genes may cause the changes. As proposed in Pernet et al. (1999) , screening for MSV resistance at 14 dai, and confirmating of this scoring at 35 or 42 dai seems to be the best method for selecting resistant plants. QTLs appeared to be stable over the two environments, even though there were QTL × environment interactions for some variables.
QTL × genetic background interactions may exist, for example in bin 3.09, if the two resistant parents D211 and CIRAD390 share the same allele for the QTL detected in the CB population. Kim et al. (1989) and Pixley et al. (1997) had previously noticed the influence of one parent, the susceptible one in their case, on the progenies with respect to segregation for MSV resistance. This has some consequences on the selection process because some susceptible lines are particularly difficult to convert to MSV resistance (Pixley et al. 1997) . In each one of these susceptible lines, some modifiers might be present that may interact negatively with the genetic factors already known. One way to study more deeply the influence of the genetic background would be to map QTLs using populations issued from factorial crosses between the donor(s) of resistance and several susceptible lines. For a transfer breeding program, it would also be particularly useful to determine if there are epistatic interactions between different regions of the genome.
As the variables APIT and ANMX are not determined by the same set of genetic factors in both populations, it is possible that two different mechanisms play a role in the resistance. The APIT variable, which integrates the number of symptom-free plants over all scoring dates, is related to disease incidence, while the ANMX variable is related to disease severity. It could be imagined that QTLs specific to the APIT variable are involved in some defense mechanisms which precociously hamper the invasion of the plant by the virus. QTLs describing the ANMX variable may be involved in some resistance mechanisms acting on the multiplication rate of the virus in the plant. This hypothesis is supported by previous studies (Peterschmitt et al. 1992; Bigarré 1994 ) which tend to support the fact that resistance to MSV in partially resistant lines from CIRAD is a resistance to viral multiplication. The two completely resistant lines D211 and CIRAD390 may then share with the partially resistant lines the polygenic system related to the ANMX variable and, in addition, own another polygenic system related to the APIT variable. The probable existence of several resistance mechanisms in this germplasm is favorable to the selection of a durable resistance.
Differences between genetic resistance factors present in CIRAD390 and D211 were revealed. The QTLs on chr6 and chr5 were not detected in the DB population. Some putative QTLs were detected in one population but not in the other. On chr2, differences between the two lines are also probable but this needs to be confirmed. Population sizes were not very different from each other and thus do not explain these differences. Hence, these minor QTLs were then all present in the composite population CVR3-C3, but their effects were partly masked during the selection process of the major resistance factors. They were thus randomly inherited in the final lines. The existence of different genetic factors in these two lines proves that different combinations of resistance genes from the composite population CVR3-C3 can contribute to complete resistance. Complete durable resistance may possibly be achieved through the use of various polygenic totally resistant lines.
Stability of the resistance factors across germplasm
Comparison of our results with those of previous studies enables the stability of the resistance factors to be appreciated and some consequences with respect to the selection process to be drawn.
Two genetic mapping studies have been conducted on other resistance sources. The mapping population of Kyetere et al. (1999) consisted of 87 recombinant inbred lines derived from the cross Tzi4×Hi34. The partially resistant line Tzi4 from IITA originates from the 'TZ-Y' (Tropical zea yellow) population. The other mapping population consisted of 196 F 2:3 lines obtained from the cross between CML202 (resistant) and Lo951 (susceptible). CML202 is an inbred line from CIMMYT for which the origin of the resistance remains unclear (Welz et al. 1998 ). The level of resistance was found to be different between the D211 and CIRAD390 Réunion lines on the one hand and the CML202 and Tzi4 lines on the other hand; D211 and CIRAD390 were rated 1, exhibiting complete resistance to MSV, CML202 was rated 2 (Welz et al. 1998 ), Tzi4 was rated 3 (Kyetere et al. 1999 ) on a whole plant 1-5 scale with half-points. All these ratings were done in Harare, the same year for the three first lines, 2 years earlier for Tzi4. Note also that none of earworm, gray leaf spot, and Stewart's wilt have been identified (review by McMullen and Simcox 1995) as well as one QTL for resistance to NCLB (Freymark et al. 1993) . Still on chromosome 1, but not in the same region, a QTL for drought tolerance at flowering time has been identified (Ribaut et al. 1996) . Knowledge of such linkages is of primarily importance from a selection point of view. If these resistance factors are known to be located in the same chromosomal region, marker-assisted selection could be of some help in controlling the linkage drag and facilitating their combination in a recipient line. For example, such a strategy could be employed for combining the QTLs on chromosome 1 for drought tolerance, an important abiotic stress in the sub-Saharian zone, and for MSV resistance.
The genetic mapping studies conducted by Kyetere et al. (1999) and Welz et al. (1998) and the two with Réunion lines (Pernet et al. 1999a and this paper) have increased our knowledge of the determinism of the resistance to MSV. In the populations from Réunion, the hypothesis of two resistance mechanisms was elicited. Using this new information, we have shown that completely resistant lines, with polygenic resistance, may be selected. This highly probable durable resistance will also be enhanced by the use of different genetic factors, which were shown to exist in the Mascarene germplasm and at least in the CIMMYT germplasm. Combining resistance to the insect vector with resistance to the virus could further contribute to the durability of the resistance. However, when breeders wish to decide on a selection scheme, it would be of primary interest to determine whether complete resistance is needed on a short-, mid-or long-term basis and then to combine this resistance with good yield, as MSV epidemics are erratic. The aim of combining this resistance with tolerance to other biotic (downy mildew, leaf blights, insect, Striga) or abiotic stresses, such as drought, should also be integrated in this scheme. Some studies on (1) the mechanisms of resistance to MSV, (2) the evolution of the pathogenicity of the virus, and (3) the perspectives of the maize culture in Africa will be of a great utility when determining the selection scheme.
